Introduction
Synthetic pyrethroids are used as broad-spectrum insecticides to control weeds, insects, and pests in agricultural and nonagricultural settings. 1, 2 Pyrethroids are generally referred to as synthetic derivatives of natural pyrethrines, made and tested in several laboratories, but most notably by Elliott and co-workers at the Rothamsted experimental station and by Sumitomo in Japan. 3 The increased use of these chemicals during the last few years has raised many concerns not only regarding potential adverse effects on the environment and human health, but has also increased the importance of analyzing them in soil, water, and air. 4, 5 To assess their environmental impact and to reduce the risk of public exposure, all aspects of their chemistry need to be well understood and studied. Many pyrethroids have pairs of isomers with different geometries, referred to as cis and trans isomers.
Their toxicity is highly dependent on the stereochemistry, the three-dimensional configuration of the molecules. In the case of mixtures, the toxicity depends on the ratio of the amounts of the two isomers in the formulation. Most of the commercial formulations have a fixed isomeric ratio. Formulations made of a single active isomer are likely to be much more toxic than those with two or more inactive isomers. 6, 7 Pyrethrine enantiomers having the R configuration are about 25-times more toxic to houseflies, than those with the S configuration. 8 Cyhalothrin, 3-(2-chloro,2-trifluoromethyl)-2,2-dimethyl-cyclopropanecarboxylate cyano-(3-phenoxyphenyl) methyl ester, is a highly potent synthetic pyrethroid with a broad spectrum of biological activity. It is formed by the esterification of 3-[2-chloro-3,3,3-trifluoropropenyl]-2,2-dimethyl cyclopropane carboxylic acid with α-cyano-3-phenoxy benzyl alcohol. 9 It has two asymmetric centers in the acid moiety and one in the alcohol moiety, as well as olefin forms. Thus, there are 16 possible isomeric forms of eight diastereomers. However, in practice cyhalothrin is produced only in the Z and cis forms, reducing the number of isomers to four. These comprise two pairs of diastereomers: Pair A:
The cis isomer is generally more toxic than the trans isomer. Technical-grade cyhalothrin contains more than 90% of these pairs, and is formulated as emulsifiable concentrates. λ-Cyhalothrin is produced by the crystallization of a more active pair of diastereomers from cyhalothrin. The less-active component is recycled.
Pure λ-cyhalothrin is a racemic mixture of the diastereomeric pair B isomers. Pair A is present in low concentration in commercial products. Recently, our laboratory has studied the process for developing λ-cyhalothrin during which an analytical method, not only for monitoring the reactions, but also for assuring its quality was needed.
A thorough literature search has indicated that the pyrethroids are generally analyzed by gas-liquid chromatography (GLC) or high-performance liquid-chromatography (HPLC). 10, 11 HPLC is used when GC is not suitable for various reasons of thermal lability and volatility. The GC method of analysis normally merges the 4 chromatographic peaks of λ-cyhalothrin into one. Thus, the inactive impurities can be incorporated into the determination of the active ingredient, and would require separate determination of the isomer ratios. 12 In LC, the composition of the mobile phase is of prime importance in the separation. 13 Although changes in the column stationary phases can enable the separation of geometrical isomers, this approach is not always successful even when using capillary columns. The direct analysis of isomers by chiral-phase HPLC offers more promise. The number of direct separations of isomers has increased dramatically during the last few years along with a concurrent development of HPLC and the surface-modified silicas commonly used in this technique. 14, 15 Okamoto et al. have resolved the four isomers of a pyrethroid on a polymer based chiral column. 16 The separation of permethrin and some of its degradation products was studied by HPLC. 17 The separation of enantiomers of various pyrethroids can also be achieved on chiral columns available commercially. 18 Chapman A simple and rapid normal-phase liquid-chromatographic method for the separation and determination of diastereomers of λ-cyhalothrin using a CN column and detection at UV-230 nm has been developed. This method has the advantage of totally resolving each of the diastereomers from impurities, such as meta-phenoxy benzaldehyde, cyhalothric acid and cyhalothric acid chloride, of technical and formulated materials, allowing one to monitor the low-temperature conversion of diastereomers of λ-cyhalothrin for process development. has separated the enantiomers of fenpropanate and fenvalrate on a commercially available NH2 column containing (R)-N-(3,5-dinitrobenzoyl)phenyl glycine as a chiral ligand. 19 Papadopoulou and Mourkidou et al. have separated isomers of pyrethroids based on α-cyano-3-phenoxybenzyl alcohol using a Pirkle type 1-A column. 20, 21 Further, chirose-bond C1 columns have been used to separate the enantiomers of cyhalothrin in some commercial pesticides. 22 In contrast, diastereomeric pairs are often separated by normal-phase HPLC on silica or cyanobonded columns, and may be partially resolved on amine columns. 23, 24 In the present paper we describe a normal-phase liquid-chromatographic method for monitoring one of the important steps in the process development of λ-cyhalothrin in a laboratory. The normal-phase chromatographic conditions separate not only the cis diastereomers of λ-cyhalothrin, but also its process-related impurities, such as meta-phenoxy benzaldehyde, cyhalothric acid and cyhalothric acid chloride, in small quantities. This method has the advantage of totally resolving each of the diastereomers from impurities of technical and formulated materials.
Experimental

Materials and reagents
All reagents were of analytical reagent grade, unless stated otherwise. HPLC-grade n-hexane, tetrahydrofuran and 2-propanol (Ranbaxy, SASnagar, India) were used. Samples of LCHLO: CHLO and impurities viz., meta-phenoxybenzaldehyde (MPBA), cis 3-[2-chloro-3,3,3-trifluoropropenyl]-2,2-dimethyl cycloprpane carboxylic acid (CDCC), cis 3-[2-chloro-3,3,3-trifluoropropenyl]-2,2-dimethyl cyclopropane carbonyl chloride (CDCCC) synthesized in our laboratory were used.
Apparatus
The HPLC system was composed of two LC-10ATvp pumps, a SPD-M10Avp diode array detector, an SIL-10ADvp auto injector, a DGU-12A degasser and an SCL-10Avp system controller (all from Shimadzu, Kyoto, Japan). A normal-phase Nucleosil Sherisorb CN column (25 cm × 4.6 mm i.d. particle size 5 µm) was used for separation. The chromatographic and the integrated data were recorded using a HP-Vectra (HewlettPackard, Waldbronn, Germany) computer system.
Chromatographic conditions
The mobile phase was n-hexane-tertahydrofuran-2-propanol (99:0.9:0.1, v/v/v). Before delivering into the system, the solvents were filtered through a 0.45 µm membrane and a flow rate of 1.2 ml min -1 was applied at room temperature (28˚C). Chromatograms were recorded at 230 nm using an SPDM10Avp diode array detector.
Analytical procedures
Samples of CHLO, LCHLO, mother liquor and other reaction mixtures were prepared by weighing 5 mg of each sample in a 10 ml volumetric flask. The samples were initially dissolved in small quantities of n-hexane, and made up to the mark using the mobile phase. After the solutions were filtered through a 0.45 µm non-aqueous nylon membrane, a 20 µl volume of each solution was injected and chromatographed under the above conditions. The quantities of impurities were calculated based on their respective peak areas. Figure 1 shows the chemical reactions involved in the synthesis of LCHLO. In this process, CHLO is prepared via the condensation of cyhalothric acid and meta-phenoxy benzaldehyde, and then subjected to crystallization at a very low temperature of -10 to -15˚C. During crystallization, the inactive part of the diastereomeric pairs of CHLO are converted into the active one, and LCHLO is formed. To monitor the crystallization step, a chromatographic method was needed during the process development of LCHLO in our laboratory. The present study is aimed at developing a liquidchromatographic system capable of eluting and resolving the diastereomers of LCHLO and its impurities originating from the synthesis.
Results and Discussion
Pyrethroids are often separated into diastereomers under normal-phase HPLC conditions using silica columns. Cyhalothrin was initially subjected to normal-phase HPLC by using a µ-porasil column with n-hexane:2-propanol (97:5, v/v) as the mobile phase at 230 nm. The diastereomers were
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ANALYTICAL SCIENCES DECEMBER 2004, VOL. 20 Fig. 1 Step-wise reactions involved in the synthesis of λ-cyhalothrin. partially resolved. A slight change in the polarity of the solvent resulted in a merging of not only the peaks corresponding to CHLO, but also MPBA, CDCC and CDCCC. Later, a spherisorb NH2 column was tried. There was no improvement in the separation. However, when compared to silica and amino propyl silica, CN columns were found to be more suitable because of their rapid equilibration with the mobile phases and the high reproducibility of quantitative measurements. To determine the optimum separation conditions, the influence of 2-propanol as well as tetrahydrofuran on the retention behavior of the above compounds was studied. It was observed that a CN column with a specific combination of the mobile phase played a key role in the separation of diastereomers. Thus, a Nucleosil Spherisorb CN column with n-hexanetetrahydrofuran-2-propanol (99:0.9:0.1, v/v) as mobile phase was used to separate diastereomers of both CHLO and LCHLO. It can be seen from Fig. 2a that the diastereomers of CHLO were well separated from the process-related impurities viz., MPBA, CDCC and CDCCC. The retention times (tR), retention factors (k′) and separation factors (α) of the compounds under investigation were determined under the optimum separation conditions, and are recorded in Table 1 . The peaks were resolved with excellent symmetry and reproducibility. The resolution factors were determined, and found to be fairly high. The separation factors for the two pairs of diastereomers were determined to be 1.31 and 1.11, respectively.
The method was validated by determining the accuracy, precision, limit of detection and the range of linearity. Standard mixtures containing known amounts of the analytes were prepared and analyzed by HPLC. The accuracy of the method was determined by the standard addition technique. Subsequent additions of small amounts of the analytes were accurately reflected in their peak areas. The measured amounts agreed well with the actual values within 2.78%. The precision of the method was checked by spiking 0.5% (w/w) of the processrelated intermediates (MPBA, CDCC and CDCCC to LCHLO) and injecting the solution five times. The chromatographic precision, expressed as relative standard deviation (RSD), was calculated for retention time (tR), and peak areas (ip) of all compounds. The values were found to be not more than 0.57 and 2.19, respectively. Solutions of different concentrations in the range of 0.5 -5.0 µg/ml of all possible impurities were prepared for calibration, and each one was injected in triplicate (n = 3). The linearity between the mass and the integral responses were found to be quite good. The standard curves were found to be linear with regression coefficients (r 2 ) ≥ 0.995 in all cases. When the UV detector was set at 0.005 AUFS, the limits of detection with a signal to noise ratio of 4.0 were determined and found to be within the range of 0.4 -1.0 µg for all compounds. The inactive component of the diastereomeric pair was recycled to enhance the yields of LCHLO. The relative response factors were determined for all of the compounds, and used to determine the composition of the reaction mixtures obtained during crystallization. Table 2 gives the typical compositions of CHLO and LCHLO determined by HPLC. The component of 1S cis R was converted into 1R cis S by crystallization at low temperatures. The effect of the temperature on the yields of 1R cis S were studied, it was found that the optimum temperature was in between -10 and -15˚C. The results are recorded in Table 3 .
The method was well standardized and used for the process development of LCHLO.
The reaction conditions were optimized, and the product yields were followed by HPLC. The applicability of the developed LC method was assessed by analyzing six different batches of LCHLO produced during the developmental work in our laboratory. It was found that, in all products LCHLO consisted of a mixture of 1S cis R and 1R cis S isomers, of which the 1R cis S form was the major active ingredient. A chromatogram of a typical sample of technical LCHLO is shown in Fig. 3 , which shows that all of the coexisting impurities were well separated. The results, as summarized in Table 4 , show that the present LC method can be used to monitor not only the diastereomeric pairs, but also the related impurities of LCHLO in technical products.
A normal-phase HPLC method using a Nuceosil spherisorb CN column has been developed for monitoring reactions during the synthesis of cyhalothrin and λ-cyhalothrin. This method can be used for process development as well as the quality assurance of LCHLO. The method has the advantage of totally resolving each of the isomers from process-related impurities of technical and formulated materials of LCHLO. Step 3 (LCHLO) 
